Acne inversa (AI; also designated as hidradenitis suppurativa) is a chronic inflammatory disease with still unknown pathogenesis that affects the intertriginous skin of perianal, inguinal, and axillary sites. It leads to painful nodules, abscesses, and fistulas with malodorous secretion and is frequently associated with metabolic alterations. Here, we demonstrate that one of the most highly upregulated molecules in AI lesions is matrix metalloproteinase 8 (MMP8), an enzyme specialized in the degradation of extracellular matrix components and the HDL component apolipoprotein A-I. Granulocytes, which were present in AI lesions, secreted high amounts of MMP8 especially after TNF-stimulation. Furthermore, activated fibroblasts but not keratinocytes were found to express MMP8. The high lesional MMP8 levels were accompanied by elevated blood levels that positively correlated with TNF-blood levels and disease severity assessed by Sartorius score, especially with the number of regions with inflammatory nodules/abscesses and fistulas. Additionally, we found a negative correlation between blood MMP8 and HDL-cholesterol levels, suggesting a contributory role of MMP8 in metabolic alterations in AI. In summary, we demonstrate elevated MMP8 levels in AI lesions, suggest their role in skin destruction and metabolic alterations, and recommend the use of MMP8 as blood biomarker for AI disease activity assessment.
Introduction
Acne inversa (AI, also referred to as hidradenitis suppurativa) is a chronic inflammatory skin disease with common onset in the second or third decade of life [1, 2] . Estimates of the prevalence of AI have varied, ranging from less than 1 percent to 4 percent [3, 4] . AI primarily occurs on intertriginous skin. The axilla and the inguinal, gluteal, and perianal area are the most common affected sites. The inner thighs, perineal areas, sub-and inframammary skin, and gluteal cleft are additional sites for involvement [1, 2] . The clinical manifestation progresses from nodules and inflamed lesions with deep abscesses to chronic, draining sinus tracts and bands of severe scar formation. The associated pain, large amount of purulent exudate, malodor, and disfigurement contribute to a profound psychosocial impact of the disease on affected patients [3, 5, 6] . Additionally, AI is frequently associated with metabolic alterations that might increase the risk of 2 Mediators of Inflammation cardiovascular disorders and reduce the life expectancy [7, 8] . An early and accurate diagnosis would allow the initiation of a treatment plan aimed at minimizing the risk of progression to disabling, end-stage disease. However, as of today, on average 12 years pass between first symptoms and accurate diagnosis [9] .
The pathogenesis of AI is still widely unknown. The current model implies that the follicular occlusion of the pilosebaceous unit by infundibular hyperkeratosis leads to dilatation and rupture of the unit as initial steps [1] . At very early stages of the disease, there is already a slight perifollicular infiltration of immune cells [10] . Chronic AI lesions feature immune cell infiltration and strong expression of numerous proinflammatory cytokines like TNF-and IL-17A [11] . The inflammation seems to increase the destruction of skin architecture and the development of deep fistulating sinuses [12] .
Currently, the disease severity of AI can be assessed by using two clinical scores. The Hurley classification is a simple system that divides AI into three severity grades for each area involved [13] . Originally, the score was designed to help decide if surgery is indicated. However, it is static and not suitable for the assessment of inflammatory aspects of the disease. Secondly, the Sartorius score [14] with its modified versions [15, 16] is a dynamic score that takes into account numerous parameters including the number of affected regions, the type of cutaneous alteration, lesion diameters, and the presence of healthy skin between lesions. The Sartorius score yields a count between zero (inactive disease) and about 250. It requires some experience and its alterations may result from changes in various aspects of the disease. Furthermore, to a certain extent both scores lack objectivity, with the final evaluation being dependent on the examiner's interpretation of the physical findings. In our study we aimed to investigate the possible suitability of MMP8 as blood biomarker that could be exactly and easily quantified and help to assess disease activity in AI. Furthermore, we wanted to explore the cellular source of MMP8 as well as its role in AI pathogenesis.
Materials and Methods

Patients.
Skin biopsies for gene expression analyses by means of polymerase chain reaction on reversely transcribed RNA (RT-qPCR) were obtained from 8 control participants, 10 patients with AI, and 10 patients with psoriasis. The skin biopsies of AI patients were taken from surgically excised skin areas and such biopsies were also used for immunohistochemistry (IHC). Blood plasma and serum were obtained from 20 control participants [27 to 57 years old (mean ± SD: 39.0 ± 9.3 years), 25% male] and from 21 patients with AI [22 to 56 years old (mean ± SD: 41.7 ± 11.6 years), 10% male, Sartorius score: 52.9 ± 40.9 (mean ± SD)]. There were no significant differences in age or sex distribution between control participants and AI patients. All skin and blood samples were approved by the clinical institutional review board of the Charité university hospital, Berlin, and written consent was obtained from all participants. The study was conducted according to the principles expressed in the Declaration of Helsinki.
Cell Culture.
Human blood was diluted 1 to 5 with RPMI medium and stimulated or not (control) with 10 ng/mL IFN-, 5 ng/mL TNF-, 5 ng/mL IL-1 , 10 ng/mL IL-6, 10 ng/mL IL-17A, or 20 ng/mL IL-22 for 4 h to activate neutrophilic granulocytes. Primary dermal fibroblasts (Lonza/ Life Technologies/Promocell) and primary human keratinocytes (Lonza) were cultured in FGM-2 medium and KGMGold medium, respectively (both from Lonza), according to the suppliers instructions and as previously described [17, 18] . Fibroblasts were stimulated or not (control) with 10 ng/mL IFN-, 5 ng/mL TNF-, 10 ng/mL IL-17A, 50 ng/mL IL-19, or 20 ng/mL IL-24 for 24 h. Keratinocytes were stimulated or not (control) with 10 ng/mL TNF-, 10 ng/mL IL-17A, 10 ng/mL IL-22, or indicated combinations thereof for 6 h. All cytokines mentioned above were purchased from R&D Systems.
RT-qPCR.
Tissue homogenization, isolation of total cellular RNA, mRNA reverse transcription, and qPCR analysis were done as previously described [19, 20] . Detection systems using fluorescent probes were purchased from Applied Biosystems. Expression values were normalized to abundance of mRNA transcripts of the house-keeping gene human hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT).
ELISA. Detection of human MMP8 (lithium heparin plasma), TIMP-4 (lithium heparin plasma), TNF-(serum)
, and resistin (EDTA plasma) was performed using Quantikine systems from R&D Systems. Quantification of plasma lipids was carried out using Cobas 8000 modular analyzer series, Roche Diagnostics GmbH.
IHC.
Skin biopsies were fixed in 10% neutral buffered formalin, embedded in paraffin, routinely processed, sectioned at 5 m, and stained with antibodies (Ab) recognizing myeloperoxidase (Dako). Detection of primary Ab binding was performed using biotinylated polyclonal rabbit anti-rat IgG, streptavidin horseradish peroxidase and AEC+ substrate (all from DAKO), or the LSAB2 System-HRP kit (DAKO); counterstaining was done with hematoxylin.
Statistical Analysis.
Data are presented as the mean ± SEM. For further analyses, SPSS 19.0 software (IBM) was used. Results from patients/control participants were analyzed using the Mann-Whitney U test (two-tailed). Correlations were analyzed based on Spearman's rank correlation test. Results on primary cell cultures were tested using the Wilcoxon matched-pairs signed-rank test (two-tailed).
Results
MMP8 Is Strongly Expressed in Lesional AI Skin.
The mechanisms associated with the development and progression of AI lesions (Figure 1(a) ) are still enigmatic. To identify potential key players in these processes, we first individually quantified the expression of a broad range of immune , MMP8 was the parameter with the highest upregulation in AI lesion compared to skin from control participants. MMP8 (also referred to as collagenase 2) is an enzyme specialized in the degradation of extracellular matrix components [21] . The elevated expression of MMP8 in lesional AI skin may therefore be involved in the development of draining sinus tracts and the destructive character of this disease. Interestingly, increased MMP8 expression was specific for AI lesions and not observed in affected skin of patients with psoriasis, a chronic inflammatory skin disease without sinus tract development (Figure 1(b) ).
TNF-Is a Strong MMP8
Inducer. Next, we focussed on MMP8 production. MMP8 is known to be stored in secondary granules within neutrophilic granulocytes and secreted in its active form [21] . Because marked presence of neutrophilic granulocytes was found in AI lesions (Figure 2(a) ), we firstly investigated different AI-relevant cytokines for their ability to induce MMP8 secretion from neutrophilic granulocytes. As demonstrated in Figure 2(b) , it was predominantly TNF-and, to a lesser extent, IL-1 that raised the release of MMP8 in whole blood assay. This TNF-effect could not be amplified by IL-17A. Also, we investigated whether TNF-can as well induce MMP8 expression in skin-resident tissue cells. Interestingly, dermal fibroblasts but not epidermal keratinocytes showed MMP8 expression after TNF-stimulation (Figures 3(a) and 3(b) ). Activation of keratinocytes with a mix of TNF-, IL-17, and IL-22, a very potent activator for these cells [22] , did not result in significant MMP8 mRNA expression either (Figure 3(b) ).
MMP8 Levels Are Markedly Increased in the Blood of AI Patients.
Then, we asked whether the high MMP8 levels in lesional AI skin were accompanied by elevated systemic levels. The analyses of blood samples from 21 AI patients and 20 control participants disclosed a significant increase of MMP8 in the blood plasma of AI patients (Figure 4) . Interestingly, there were no differences in the blood levels of tissue inhibitor of matrix metalloproteinases (TIMP) 4 between AI patients and control participants (Figure 4 ).
MMP8 Blood Levels Positively Correlate with AI Severity.
The analysis of potential relationships of MMP8 blood levels with clinical symptoms revealed that MMP8 blood levels positively and significantly correlated with AI severity assessed by Sartorius score (Table 1) . Further analyses revealed an association between MMP8 blood levels and the number of regions with inflammatory nodules and fistulas, but not with scars (Table 1) . There was no correlation between MMP8 blood levels and duration of illness, age at AI onset, or patient age (Table 1 and data not shown), suggesting that MMP8 Blood protein (ng/mL) * * Figure 4 : MMP8 levels are markedly increased in the blood of AI patients. MMP8 and TIMP-4 blood plasma levels of 20 healthy control donors and 21 AI patients were analyzed by ELISA. Mean data ± SEM are shown. Significance of differences was analyzed using the Mann-Whitney U test (two-tailed; * * < 0.01).
levels are associated with the inflammatory activity in this disease.
MMP8 Blood Levels Are Associated with Metabolic Alterations.
To get hints for further roles of MMP8 in AI, we analyzed levels of several mediators in blood of AI patients and correlated them with MMP8 blood levels. As demonstrated in Figure 5 (a), a clear positive association between MMP8 and TNF-blood levels was observed, matching very well our results showing TNF-as key MMP8 inducer ( Figures  2(b) and 3(a) ). Interestingly, we also found a specific negative correlation between MMP8 and high-density lipoprotein (HDL) cholesterol blood levels ( Figure 5(b) ). Furthermore, there was a positive association between levels of MMP8 and resistin ( Figure 5(c) ), a cysteine-rich adipose tissue-derived peptide hormone that accelerates the accumulation of LDL in artery walls. Overall, the last data suggest a pathogenetic role of MMP8 in the metabolic alterations of AI patients.
Discussion
AI is a disease with still unknown pathogenesis and inadequate therapeutic options. It destructs axillary, inguinal, gluteal, and perianal regions of very young people, causing profound pain, large amounts of purulent and malodorous exudate, and metabolic alterations, and results in reduced quality of life, social isolation, and diminished life expectancy. Evidence for pathogenetically relevant molecules that at the same time are useful as blood biomarkers for more exact quantification of AI disease severity may facilitate the development of novel therapies for these patients. The results demonstrated in this manuscript suggest that MMP8 is such a molecule. We show a strong upregulation of MMP8 in AI lesion compared to skin from healthy controls and psoriasis patients. MMP8 is mainly produced by neutrophilic granulocytes [21] and this very well matches the observed strong dermal infiltration of Al lesions by neutrophils and the large purulent exudates in these patients. In contrast, neutrophilic infiltration is limited to epidermal Munro's microabscesses in psoriasis, and purulence exudates are absent in this disease. Regarding MMP8 production, we additionally demonstrated that TNF-is a potent inductor of MMP8 in neutrophilic granulocytes and, moreover, exerts this effect also on fibroblasts. Accordingly, there was a strong positive correlation between MMP8 and TNF-blood levels. It is possible that bacterial products induce TNF-production in lesional monocytes, macrophages, and neutrophilic granulocytes and contribute to elevated MMP8 expression.
The major substrate of MMP8 is the collagen type 1 that forms large collagen fibers in most connective tissues, including the dermis, giving these tissues rigidity and elasticity [21, 23] . We assume that degradation of this extracellular matrix component by MMP8 in AI lesions might lead to the development of skin cavities (abscesses and draining sinus tracts), as very recently demonstrated for cavities developing in lung tissue during human pulmonary tuberculosis [24] . Due to the lack of cutaneous MMP8 expression in psoriatic lesions, abscesses and draining sinus tracts are absent in psoriasis.
In the last part of our study we demonstrated that the high lesional MMP8 levels in AI were accompanied by elevated MMP8 blood levels. Importantly, these levels positively correlated with disease activity, in particular with their inflammatory components. We suggest that MMP8 blood quantification should be incorporated in future clinical trials. The currently used methods for evaluating the disease activity are often time-consuming (especially with Sartorius' grading system) and undoubtedly subjective; deviations commonly occur when assessment is conducted by different physicians and centers. What is currently needed are laboratory parameters useful for accurate AI staging, for decision of the therapeutic regimen, and for assessment of treatment efficacy.
Interestingly, our study also revealed an association between MMP8 and metabolic alterations in AI patients. In fact, MMP8 blood levels negatively correlated with HDLcholesterol, an antiatherogenic lipid. Accordingly, Salminen at al. described that MMP8 affects the structure and antiatherogenic function of apolipoprotein (apo)A-I, the main protein component of HDL particles [25] . Proteolytic modification of apoA-I by MMP8 has been found to impair the first steps of reverse cholesterol transport, leading to increased accumulation of cholesterol in blood vessel walls [25] . Furthermore, we observed a strong positive correlation between MMP8 and resistin blood levels. There is quite clear evidence that resistin plays an important role in atherosclerosis. It stimulates proinflammatory cytokine expression in human monocytic cells [26] and increases adhesion molecule expression and chemokine production by endothelial cells [27, 28] , leading to immune cell extravasation and development of atherosclerotic plaques.
In summary, our results demonstrate the strong presence of MMP8 in skin lesions and blood of AI patients and suggest the pathogenetic involvement of this molecule in skin and systemic alterations observed in AI patients. Moreover, we propose the use of MMP8 as biomarker for AI disease activity. Figure 5 : MMP8 blood levels correlate with metabolic alterations in AI patients. Concentrations of MMP8, TNF-, HDL-cholesterol, triglycerides (TG), and resistin were quantified in blood from 21 AI patients. Data were subjected to Spearman's rank correlation analysis. (Spearman's rank correlation coefficient) is indicated ( * < 0.05, * * < 0.01, and * * * < 0.001).
